Intense, pulsed i0.n beams were used to melt and rapidly resolidify Types 316F, 316L and sensitized 304 stainless steel surfaces to eliminate the negative effects of microstructural heterogeneity on localized corrosion resistance. Anodic polarization curves determined for 316F and 316L showed that passive current densities were reduced and pitting potentials were increased due to ion beam treatment. Type 304 samples sensitized at 60O0 C for 100 h showed no evidence of grain boundary attack when surfaces were. ion beam treated. Equivalent ion beam treatments were conducted'with a 6061-T6 aluminum alloy. Electrochemical impedance experiments conducted with this alloy exposed to an aerated chloride solution showed that the onset of pitting was delayed compared to untreated control samples.
energetic beam followed by rapid solidification (>lo7 K/s) due to thermal conduction into the underlying .substrate,. Laser, electron and son beams haye been successfully used to induce rapid melting Md resolidification (RMR). There'are ceitain inherent advantages that can be gained by using ions raiher than photons or electrons to deposit energy.in surfaces. These inherent adv'antages, along with recent advances in pulsed power (9), and ion beam technology (10) have been combined to prczvide a relatively new RMR surface treatment technology that may be more efficient and less expensive to implement than existing energetic beam surface treatment technologies.
The main inherent advantage gained by using ions to deposit energy at surfaces is the ability to treat in depth without ablation while retaining a high quench rate. Figure 1 shows temperature profiles hi steel subjected to laser'and proton beam pulses with energy fluxes of 1.25 and 4.0 J/cm2 respectively. Surface melting using photons relies on thermal diffusion to melt in depth since photons must deposit their energy in the neai-surface. Surface temperatures sufficient to induce ablation may be required to generate a thermal profile capable of melting in depth.
Under these conditions quench rates may be reduced to c 104 K/s (5). In contrast, ions deposit energy over a range of depth determined by ion energy and stopping cross sections for the incident ion-target material couple. The resulting thermal profile enables melting in depth reducing the risk for surface ablation. The second main advantage is that ions deposit energy with great.efficiency. Over.98% of the incident energy is given up as heat to the surface. By cornpairison, less than"2% of incident photon energy is deposited as heat into a solid metal surface.
The treatment method described here is distinct from traditional ion implantation since impinging ions are used to deposit energy and not to modify composition. For example, typical ion doses for ions/cm2/pulse which cause only a 0.01% change in composition. Pulsed'ion beam RMR can be accpmplished using pulse durations of 50 to 500 ns using 0.5 to 1.0 MeV ions over a treatment area as capacity now exists to generate these beams at 120
Hz, delivering 150 to 300 k W average power at 15% electrical efficiency from wall plug to energy delivered to the treated surface using hardware capable of 109 total lifetime pulses. Pulse widths are intentionally -narrow to minimize effects of ' thermal conduction beyond the ion range that would slow quench rates. To this point in our . studies, mixed carbon-proton-oxygen beams have been used, although the capacity to produce beams -from any element that can be produced in gaseous Figure 1 , Temperature Profiles in Steel due form has recently become available. to laser (squares), and ion beam (circles) heating each after 80 ns. This paper describes results from studies intended to determine if pulsed ion beams could elimkate the deleterious effects of microstructural heterogeneity on localized corrosion phenomena common to austenitic stainless steels and wrought aluminum alloys. Studies have focused on improving pitting resistance by eliminating pit-initiating second phase particles, and on eliminating preferential grain boundary attack in sensitized stainless steels by eliminating chromium-depleted regions at grain margins.
pxuerimental Procedure
For the austenitic stainless steels, pitting susceptibility studies were conducted on Type 316L and its free machining grade,variant, Type 316F. Sensitization studies were conducted using Type 304. The composition of the steels used is given in Table I .
Sample coupons used in this study measured 2.5 cm x 5.0 cm x 0.5 cm. Control samples were polished to mirror finish and degieased'piior to testing..Samples for RMR were polished, degreased, beam treated, q d degreased a second time prior to electrochemical testing. The 316L and 316Fsamples were used in the as-received condition. All the 304 samples were solutionized for 24 h at lloO0 C and quenched in water. Selected samples were then sensitized by isothermal treatment for 100 h at 6000 C. Aluminum alloy 6061-T6 (Al-1.OMg-0.6Si) coupon surfaces for testing and RMR treatment were prepared in a manner similar to that described above for stainless steels, except that samples were polished to a 600 grit finish instead of a mirror finish.
RMR veatment was conducted using the Anaconda accelerator located at Los Alamos National Laboratory. Surfaces were treated using 'a single pulse mix@ species ion beam comprised of approxi-mately -50% C ions, 30% H ions, and 20% 0 ions p d othertrace species. Pulse voltage varied from 150 to 350 kV over a time interval of 400 ns. The energy flux to the surface was estimated to be 3 to 4 J/cm2 for stainless steels and 1 to 3 J/cm2 for 6061-T6.
Stainless steel pitting studies, conducted with the two sets of 316 samples, were performed by determining anodic polarization curves potentiodynamically in air sparged pH 2 H2SO4
solutions at 220 C ' w i t h various amounts of C1-(added as NaC1). Chloride ion concentrations used ranged from 0.5 ppm to 50,000ppm. Ion beam treated samples were polarized at -1.0 V , 'for 2 minutes.prior to collection of the polarization curve to reduce any thermal oxide present. Anodic polarization curyes were acquired at a scan rate of 1.667 mV/s (6 V/hr) starting 50 mV negative of the steady state open circuit-potential and continued until pitting or oxygen evolution was detected. Return scans 'were acquired to deteSne a repassivation potential which .was defined as the potential where the return scan crossed 'the forward scan. Measurements were made using a Princeton Applied Research Model 173 Potentiostat/Galvanostat with a Model 276 Interface controlled by a software package installed on a personal computer (1 1) . All potentials were measured versus the saturated calomel scale (sce).
Grain boundary sensitization studies were conducted using a potentiokinetic reactivation method. Tests were performed with 304 samples exposed to 0.5 M H2SO4 plus 0.01 M KSCN held at 300 C. The degree of sensitization was deteimined by first passivating samples at 4.600 V for 2 minutes. The potential was then scanned in the negative direction starting at 4,600 V at a rate of 1.667 mV/s until the open circuit potential was detected. Sample current after reactivation was measured and integrated over time as a measure of charge passed by sensitized regions of the sample. Standard stereological methods were used to measure grain boundary areas for the different samples so that normalized values could be obtained for comparison among samples and with values reported in the literature.
Aluminum alloy pitting studies were conducted using electrochemical impedance spectroscopy @IS) on samples exposed to air-sparged 0.1 M NaCl solution under free corrosion conditions.
Spectra were collected at regular intervals for approximately 20 hours. Individual spectra were collected from 65 lcHz to 5 mHz using a 10 mV sinusoidal voltage perturbation. Measurements ' were made using a PAR Model 273 potentiostat and a Solartron mdell255 frequency response analyzer. Total specimen capacitance was determined from the slope of the line Y"(o) versus o plot of the data. Total specimen resistance was determined using a partial Kramers-Kronig transformation method (12) .
'

Results andD i s c m pulsed Ion Beam Processed Su rfaces
Stainless steel sample surfaces were originally prepated with mirror finishes. Samples returned from ion beam treatinent exhibited a.matte surface finish from small hillocks that were resolvable by,'low power Optical microscopy ( Figure 2 ). Hillocks-were superimposed on a grain and twin boundary structure. Analysis of grain sizes showed e a t the grain size in the RMR treated region was compirable to that of 'the substrate. Mean grain diameters for the base rioaterial and treated layer were 95.4' pm and 88.7 pm respectively. Grazing angle x-ray diffiaction of treated 316 surfaces yielded diffraction patterns cpnsistent with an austenitic stainless steel; and showed no evidence for amorphous material. This result is not surprising since without deliberate metalloid additions, development of amorphous or fine grained structures in rapidly solidified stainless steels is not expected (13) .
In previous studies, it was obs.erved ,that 50 pm.thick surface layers of laser surface melted 304 were crystalline. with grains apparenfly exhibiting an epitaxial relationship with grains in the underlying substrate (4) . Metallographic cross sections examined using optical microscopy showed a distinct boundary between the treated layer and untreated underlying region. Thus far, s i~l a r examinations of ion beam treated sainples have not revealed such a boundary, and determination of treated layer thickness has not been possible by direct examination.
Aluminum 6061-T6 samples also exhibited a make surface finish after RMR treatment. Grazing incidence angle x-ray diffraction detected no amorphous or nanocrystalline material in RMR surfaces. Figure 3 shows scanning eIectron micrographs of untreated and RMR treated 6061-T6 surfaces. Second phase particles and scratches from surface preparation are clearly visible on the untreated surface. RMR treatment eliminates the particles in the near surface region and reduces surface roughness. Such surfaces should exhibit enhanced resistance to localized corrosion since the number of pit initiations sites is markedly reduced.
Corrosion Studies
Pittiny in Type 316 Stainless Steels. Type 316F has an elevated sulfur content to stimulate formation of sulfide particles. Particles aid in machinability and in mechanical surface finishing, but can reduce resistance to localized corrosion. Particle densities were not quantified in this study, but the number of sulfide particle stringers'was notably reduced in RMR treated 316F surfaces. Figure 4 shows anodic polarization curves for RMR and control 316F samples in pH 2 H2SO4 plus 5000 ppm NaCl and demonstrates the effect of ion beam RMR on corrosion resistance. Compared to the' control specimen, the rulR specimen exhibited reduced current density in the passive region and a pitting potential that was shifted in the positive direction signifying increased resistance to pit initiation. These-results are consistent with prior work on laser surface melt@ 304 ( 4 3 , laser surface melted ferritic Fe-Cr-Mo alloys (3, and rapidly solidified and consolidated stainless. steel ribbons (14) which showed increased pitting potentials that were attributed to elimination or dispersion of second phase sulfide and carbide particles.
Repassivation potentials, defined by the intersection of the reverse scan with the forward scan through the passive region, were similar for control and RMR samples. The similarity in repassivation potentials indicates that the treated layer is'no more resistant to pit propagation than the untreated substrate, or that the treated layer is thin enough to be penetrated during testing. For thin RMR layers, the gains in corrosion resistance arise from resistance to pit initiation due to elimination of pit initiation sites, and not from resistance to pit propagation. . Figure 5 summarizes pitting and repassivation potential data for RMR and control 316F samples determined'as a function of chloride ion concentration. No pitting was observed prior to the onset of oxygen evolution (at +0.800 V,,5 at 0.5 and 50 ppm chloride for the control sample surfaces, or at 0.5,50 or 500 ppm chlonde for the RMR 316F surfaces. Reverse scans showed no hysterisis confirming that pitting h a not curr red. At 5000 ppm chloride, the forward scan or the RMR surafce indicated a pitting potential at or positive to the oxygen evolution potential.
The reverse scan (Fig. 4) confirmed that pitting had occurred. When pitting was observed on both types of surfaces, the pitting potentials were equal to or more positive for the RMR surfaces. Figure 6 shows passive current densities for control and RMR 316F samples as a function of chloride ion concentration. At all but the highest concen.trations, RMR surfaces showed significantly lower passive current densities. In prior studies of laser surface melted 304, auger surface analysis showed that Cr and Ni,were present in the same concentrations as in the substrate material, hence no improvements in corrosion resistance were ascribed to a redistribution of beneficial alloying elements (4). Surface analysis of the treated layer has not 'yet been conducted on these saniples, but in view of the prior results, there is no reason to expect enrichment or redistribution of Cry Ni or Mo in ion beam RMR treated layers. Based on these prior results, lower passive current densities for. RMR treated surfaces are more likely due to the fact that current passed at second phase particle passive film defects is lower because the number of defects in smaller, and not because more Cr is available to form a passive film w i t h better barrier properties. . repassivation potentials (open data) as a 'Qpe 316L samples contain fewer sulfide .and carbide particle stringers, but RMR treatment still results in increased pitting potentials and reduced passive current densities. Figure 7 shows pitting and repassivation potentials for untreated pnd'F&IR treated 316L surfaces. No pitting is observed on either type of sample in'5,50 and 500 ppm chloride solutions, and pitting potentials remain more positive for the RMR treated surfaces in-more aggressive solutions. Figure 8 shows that passive current densities were scattered for the RMR treated surfaces, but were consistently lower than those for the control samples.
Corrosion of Sensitized Twe 304 Stainless Stee Is. Figure 9 is an optical micrograph of a sensitized 304 sample after a reactivation experiment. Due to the severe sensitization treatment used, nearly all of the exposed grain boundaries were attacked. Pitting adjacent to intragranular carbides is also observed, Figure 10 shows the complementary situation of an identically sensitized sample subsequently subjected to RMR treatment. In this case, grain boundary attack is fully eliminated although some pitting has occurred.
The details of the thermal history of RMR surfaces due to ion beam treatment have not been thoroughly modeled or measured, but the-results shown in Figures 9 and 10 yield an important minimum bound on the capacity of RMR treatment for eliminating microstructural heterogeneity. The generally accepted width of the chromium depleted zone in fully sensitized stainless steels is on the order of 3 to 5 pm (11). This feature is fully dispersed using a single pulse that delivers an energy flux of 3 to 4 J/cm2.
Potentiokinetic reactivation experiments were conducted to quantify the degree of sensitization for RMR treated and untreated control surfaces. The sample treatment regimen, integrated charge per unit area, and charge per unit grain boundary -area measured during reactivation are presented in Table II .
The charge passed dqingreactivation is reported as Q (Coulombs/unit area exposed), and as Pa (Coulombs/unit grain boundary area) which presumes attack 2 grain boundaries only. As expected, the trends in Q and Pa are identical among the four treatment regimens. * Q refers to charge per unit total area.
Pa refers to chgge per unit grain boundary area. Grain boundary area was, computed as total grain boundary length multiplied by grain boundary width which was assumed to be 3 -5 pm (15) . 12 show total specimen charge transfer resistance (Rmt), and total specimen capacitance (C, ) plotted as a function of exposure time to aerated 0.1 M NaCl solution for RMR treated and untreated 6061-T6. These plots indicate modest improvements in 'resistance to localized corrosion due to RMR treatment. In Figure 11 , total resistance for the RMR surface is greater than that of the control sample indicating a lower overall corrosion rate. Total capacitance is a sensitive discriminator for the localized corrosion on oxide forming metals and can be used to detect the onset of pitting in aluminum alloys. In Figure 12 , Cmt for the FWR sample is very small (-60 nF/cm2) due to the presence of a protektive oxide fdm on the surface. Once the . oxide film is breached and pitting initiates, Cmt increases sharply. This increase occurs after 300 minutes of exposure to solution. By ' comparison CtDt is large (8.5 fl/cm2) for the con6ol sample-by theiime the first to soIution) indicating that pitting had already occurred. These results are consistent with Figure 9 . Optical m i c r o~~h of 304 senSiti&-measurement is taken (30 minutes exposure for 10 h at 6000 C after potentiokinetic reactivation.
. the elimination of pit initiating second phase particles by RMEL Pulsed ion beams can be used to induce melting and rapid resolidification of stainless steel and aluminum alloy surfaces. Thermal conduction into the underlying substrate after the pulse can enable solidification at rates sufficient to suppress second phase particle formation resulting in chemically homogeneous surfaces. Resolidification rates do not appear to be sufficiently fast to promote foxination of amorphous or nanocrystalline structures for these materials however. Nevertheless, these surfaces exhibit enhanced resistance to localized corrosion. In the case of stainless steels, gains in coTosion resispmce were due to resistance to pit initiation and not due to resistance of pit propagation since the treated layers examined in this study were relatively thin. Grain boundary attack in sensitized 304 was completely suppressed by ion beam RMR treatment, This result establishes that s.ingle ion be@ pulse delivering 3 to 4 J/cm* can disperse a gicrostructural feature'with dimensions whose *dth is similar to that of a Cr-depleted zone in a fully sensitized s@nless' steel. For aluminum alloy 6061-T6, g2ns in corrosion resistance were modest though RMR clearly delayed the onset of pitting during exposure to aerated chloride solution. As with the stainless steels, the measured improvement in corrosion resistance was consistent with elimination of second phase particles. 
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